A gram-negative bacterium with peritrichous flagella isolated from internally discolored rhizomes of Japanese horseradish, Eutremu wusubi Maxim. (Japanese common name, wasabi), was compared with other soft rot Erwiniu spp. The wasabi bacterium induced soft rot on slices of various vegetables, such as wasabi rhizomes, potato tubers, and carrot and radish roots, on midribs of Chinese cabbage and intact wasabi, and on tomato and tobacco plants, but not on rice, corn, or chrysanthemum. Although this bacterium was more similar to Erwiniu curotovoru than to Erwiniu chrysunthemi in physiological and biochemical properties, it differed from E . curotovora subsp. curotovoru, E. curotovoru subsp. utrosepticu, and E . curotovoru subsp. betavusculorum in being negative in the o-nitrophenyl-P-D-galactopyranoside test, curd formation and peptonization of litmus milk, growth in yeast extract-peptone broth containing 0.075% KCN or 5% NaCl, growth at 36"C, and fermentation of lactose, raffinose, and melibiose. This bacterium also differed in having a 24-h lag in galactose fermentation, rapid fermentation of trehalose, and different serological properties. The guanine-plus-cytosine content of deoxyribonucleic acid was 51.4 to 51.7 mol% . Such significant differences warranted the designation of the wasabi bacterium as a new subspecies of E . curotovoru, and the name Erwinia curotovoru subsp. wasubiae subsp. nov. is proposed. Strain SR91 (=ATCC 43316, and PDDCC 9121) is designated the type strain.
Japanese horseradish, Eutrema wasabi Maxim. (Japanese common name, wasabi), is a perennial spice crop which is cultivated on gravel beds laid in mountain streams at altitudes of about 200 to 800 m above sea level, where temperatures of flowing water range from 10 to 18°C during the year. Bacterial soft rot and black leg disease caused by Erwinia carotovora subsp. carotovora and Phoma wasabiae, respectively, are the major diseases of the crop. Epidemics of soft rot often occur when the temperature of irrigation water exceeds 20"C, because of the decline in water flow during prolonged dry weather conditions, or when gravel beds are muddied by flooding from heavy rains (20) * We previously reported that bacteria associated with the internal black discoloration of wasabi rhizomes included E. carotovora subsp. carotovora, a nonpigmented strain of Erwinia rhapontici, Pseudomonas viridiflava, Pseudomonas marginalis, an unidentified pseudomonad, and a new bacterium belonging to the genus Erwinia (6). These bacteria inhabited the tissues of rhizomes and fibrous roots independently or in a complex without inducing soft rot symptoms as long as the irrigation water temperature was maintained below 18°C. Although the physiological and biochemical characteristics of the new soft rot bacterium were similar to those of E. carotovora subspecies, the bacterium differed from its three subspecies in several respects. This warranted the designation of the wasabi bacterium as a new subspecies o f E. carotovora. This paper presents the results of a taxonomic study of the previously undescribed soft rot bacterium isolated from wasabi plants.
peptone (YP) agar (0.5% yeast extract, 1.0% peptone, 1.5% agar [pH 6.81). Small white colonies grew on the plates in 24 h at 28"C, reaching 1.5 to 2.0 mm in diameter in 48 h. The cultures were maintained at 4°C for routine work.
Pathogenicity. Inoculation tests were made on 5-cm-long leaf petioles of wasabi (Eutrema wasabi Maxim. cv. 'Mazuma'), midribs of Chinese cabbage (cultivar unknown), and stems of chrysanthemum (cultivar unknown) and l-cmthick slices of wasabi rhizomes, potato tubers (cv. 'Danshaku'), and carrot and radish roots (cultivars unknown). Inoculum was prepared by suspending the bacterial growth on 24-h-old YP agar slants in sterilized distilled water at a concentration of 10' cells per ml. A loopful of the inoculum was spread on the cut surface of the slices, which were placed in petri dishes. Leaf petioles placed in petri dishes were also inoculated by the prick method with a needle previously immersed in bacterial suspension. Plant tissues were incubated at 28"C, and the pathogenicity was determined by the complete maceration of inoculated tissues within 24 h. Rice plants (cv. 'Kimmaze') at the tillering stage and 30-day-old seedlings of corn plants (cv. 'Golden Cross Bantam T51') were inoculated by the injection method (5). Inoculation tests were also made by the prick method on leaf petioles or stems of 1-month-old potted seedlings of wasabi (cv. 'Mazuma'), tomato (cv. 'Hagoromo'), and tobacco (cv. 'White Burley'). Inoculated plants were placed in a humid chamber overnight and then transferred to a greenhouse for observation. Bacteriological properties. Cell shape and size were determined with a light microscope after staining with carbolfuchsin (17) . Poly-P-hydroxybutyrate accumulation was detected by staining with Sudan black (18) . The modified Yamanaka method was used for flagella staining (19) . Reactions for catalase, amino acid decarboxylase, amylase, urease, and Kovacs oxidase, reduction of KN03, and production of acetoin, 2-keto-gluconate, and indole were tested by method 1, and production of H2S was tested by method 3 of Cowan (3). Phenylalanine deaminase and phosphatase production was tested on 2-day-old phenylalanine agar slant cultures by method 2 and on 2-day-old phenolphthalein diphosphate agar plates by method 1 of the same manual (3), respectively. Methods described in this manual were also used to determine the results for the litmus milk reaction, gelatin liquefaction, the methyl red test, growth inhibition by KCN, the Hugh-Leifson test, the o-nitrophenyl-P-D-galactopyranoside test, and hydrolysis of esculin, casein, and Tween 80. The
hydrolysis of cottonseed oil was tested by the method of Lelliott et al. (10) used in the lipolysis of margarine. The methods of Dye (4) were used to test for the utilization of asparagine as a sole source of carbon and nitrogen and for tolerance to NaCl. The production of reducing substances from sucrose and of arginine dihydrolase was tested by the methods described in the Laboratory Guide for Ident8ca-tion of Plant Pathogenic Bacteria (18) . Lecithinase production was tested on YP agar plates containing 10% (vol/vol) Oxoid egg yolk emulsion. Use of carbon sources was tested by using both basal media of 1% peptone water, with bromcresol purple as the pH indicator (ll), and a synthetic basal medium made with the formula of Ayers, Rupp, and Johnson, with bromthymol blue as the pH indicator (17) .
Use of organic acids was tested with Dye's OY medium (4). Pigmentation was observed on King's medium B (9), yeast extract-dextrose-carbonate agar (18), potato-dextrose medium (5), and YP medium. Guanine-plus-cytosine content of DNA. Deoxyribonucleic acid (DNA) was isolated and purified by the method of Marmur (14) . The guanine-plus-cytosine content of the DNA was calculated by the equation of Marmur and Doty (15), and the thermal denaturation temperature was measured with a Gilford model 250 spectrophotometer. DNA of Escherichia coli K-12 was used as a reference; the guanine-pluscytosine composition of this DNA was 51.6 mol% (21) .
Assay of P-galactosidase. The P-galactosidase activity was tested by the methods described by Lowe (12) and by Miller (13) . The lag in galactose catabolism was analyzed by using the growth curves obtained in the synthetic medium of Ayers et al. (17) containing D-galactose as a sole source of carbon. The optical density was continuously measured with a biophotorecorder, model TN112D (Toyo Kagaku Sangyo Co. Ltd., Tokyo, Japan).
Analysis of ubiquinones. The methods of Collins (2) were used for the extraction and purification of ubiquinones. Extraction from wet bacterial cells was done with chloroform-methanol (2: 1, volhol). The lipid extracts were applied as a uniform streak to the silica gel F245 thin-layer chromatography plates (E. Merck AG, Darmstadt, Germany) and developed in hexane-diethyl ether (85: 15, vol/vol). The ubiquinone samples were eluted from the scraped silica with chloroform and spotted onto a Merck reverse-phase partition thin-layer chromatograph, model RP18F254, and developed in acetone-acetonitrile (80:20, vol/vol) together with the standard ubiquinones (Q6 through QlO). The ubiquinone species were identified under a blue fluorescent lamp.
Serological relationship. Antisera used in this study were those prepared against nine strains of E. carotovora subsp. carotouora in 1956 and stored in a deep freezer at -30°C (16). The agar double-diffusion test was applied for the serological relationship between the wasabi bacterium (strains SR36 and SR91T) and E. carotovora subsp. carotovora (strains SR35 and EC1) and E. carotovora subsp. betavasculorurn (strains NCPPB 2795T and Ecb 173). Antigens for the agar double-diffusion tests were prepared by sonicating bacterial cells suspended in physiological saline at a density of 1 mg (wet weight) per ml.
RESULTS AND DISCUSSION
The 14 strains of the wasabi bacterium were identical in their pathological, morphological, physiological, and biochemical properties. They were distinct from the strains of Erwinia chrysantherni pv. zeae, E . chrysantherni pv. chrysantherni, and E. rhapontici (Table 2) . Although the negative; s, strong reaction; w, weak reaction; v, varied reaction among the strains used; p, peritrichous; for litmus milk reaction: R, turned red; C, curded; P, peptonized; and D, decolorized; lag, 24-h lag in utilization of galactose; d, acid production 10 to 14 days postinoculation; r, acid production within several hours postinoculation; for erythromycin resistance: R, resistant, and S, sensitive to 15 pg per disk. ONPG, o-Nitrophenyl-P-D-galactopyranoside; YDCA, yeast extract-dextrose-carbonate agar; PSA, potato-sucrose agar (5). Induction with isopropyl-P-D-thiogalactopyranoside was negative. From Bergey's Manual of Systematic. Bacteriology (11) or data of Thomson et al. (23) .
' Delayed positive reaction in a synthetic basal medium.
SResults on excised leaf petioles and slices of rhizomes; data in parentheses, results on intact plants.
wasabi bacterium shared certain properties with E . carotovora subspecies, it differed significantly from E. carotovora subsp. carotovora, E. carotovora subsp. atroseptica, and E. carotovora subsp. betavasculorum (Table 3). This justified the creation of a new subspecies for the wasabi bacterium. The name Erwinia carotovora subsp. wasabiae subsp. nov. is proposed for the new bacterium, and strain SR91 (=ATCC 43316 and PDDCC 9121) is designated the type strain. Erwinia carotovora subsp. wasabiae subsp. nov. Erwinia clurotovora subsp. wasabiae (wa.sa.bi.a.e. wasabi species name of host plant; L. gen. n. wasabiae of wasabi) subsp. nov. cells are gram-negative, nonencapsulated, nonsporeforming rods with an average size of 1.8 by 0.5 pm and are motile by means of 2 to 15 peritrichous flagella (Fig. 1) . Poly-P-hydroxybutyrate granules do not accumulate. Colonies on yeast extract-peptone agar plates at 28°C are white, transparent, circular with entire margins, convex, and 1.0 to 2.0 mm in diameter after 24 h. Growth on yeast extractpeptone agar slants is moderate, white and butyrous, with high viability. Abundant growth is obtained on yeast extractpeptone agar slants supplemented with glucose or on pota- ' For the definition of symbols, see Table 2 , footnote (1.
to-glucose agar slants, although viability on these media is poor. The phenotypic characteristics that differentiate the wasabi bacterium from E. carotovora subsp. carotovora, E . carotovora subsp. atroseptica, E . carotovora subsp. betavasculorum, E. chrysanthemi pv. chrysanthemi, E . chrysanthemi pv. zeae,, and E . rhapontici are shown in Table 2 . The wasabi bacterium was identical to these bacteria in being positive for the following characteristics: rodshaped cells, with size ranging from 0.5 to 0.8 pm in diameter by 1.0 to 2.5 pm in length; anaerobic growth; fermentative metabolism of glucose; reduction of KNO, ; catalase reaction; utilization of ribose, rhamnose, Larabinose, mannose, fructose, glucose, cellobiose, sucrose, mannitol, esculin, salicin, acetate, fumarate, malate, succinate, and galacturonate; utilization of asparagine as a sole source of nitrogen and carbon; and the presence of ubiquinone QS. They were also identical in being negative in the following tests: capsule formation; Gram stain; poly-phydroxybutyrate accumulation; production of 2-ketogluconate, oxidase, amylase , arginine dihydrolase, amino acid decarboxylase, and urease; lipolysis of cottonseed oil; no pigmentation on King medium B; and utilization of glycogen, dextrin, sorbitol, dulcitol, adonitol, propionate, oxalate, and benzoate. The properties shown in Table 2 indicate that the wasabi strains are more similar to E. carotovora subspecies than to E. chrysanthemi pathovars and E. rhapontici. The characteristics which differentiate the wasabi strains from the three subspecies of E. carotovora are shown in Table 3 . E. carotovora subsp. wasabiae subsp. nov. differs from some of these bacteria in growth inhibition by KCN, growth at 36"C, inability to ferment melibiose and raffinose, a 24-h lag in galactose catabolism, and rapid catabolism of trehalose (within several hours). Although this bacterium lowered the pH of the lactose medium after incubation for 2 weeks, the growth was poor, and p-galactosidase activity could not be detected, even in cells adapted for lactose; the enzyme was not induced by the presence of isopropyl-P-D-thiogalactopyranoside (12, 13 ). An oxidation mechanism seemed to be involved in this phenomenon. Such pH change was not observed in media containing melibiose or raffinose during incubation for 3 weeks.
The ability to utilize lactose or the presence of p-galactosidase activity has been used as a major criterion in the classification of the Enterobacteriaceae (1). The different lactose metabolisms in enterobacteria originate in the nature of the lactose system, consisting of lactose permease, pgalactosidase, and transacetylase. Some bacteria that do not utilize lactose have only part of the system, whereas others have none (7). In this respect, the wasabi bacterium was distinct from other species of soft rot Erwinia spp., including E . carotovora subsp. betavascularum. The lag found in galactose catabolism is another distinct property that differ- entiates E. carotovora subsp. wasabiae subsp. nov. from other members of soft rot Erwinia spp. (11). Because the lag in galactose catabolism often became undetectable when the bacterium was repeatedly grown in galactose medium, the lag may be related to induction of galactose-metabolizing enzymes (8). The adaptation of the bacterium to galactose, htowever, showed no effect on the inducibility of P-galactosidiase .
E. carotovora subsp. wasabiae subsp. nov. was distinct in its sensitivity to 0.075% KCN. As long as the test medium was maintained anaerobically under liquid paraffin, the growth was completely depressed for 2 weeks, whereas the other subspecies of E. carotovora, except E. carotovora subsp. betavasculorum, showed normal growth. The characteristics of the wasabi bacterium which are described above warranted the creation of a new subspecies of E. carotovora.
Strains SR36 and SR91T of E. carotovora subsp. wasabiae subsp. nov. were shown to have some of the same antigens as strains sR35 and EC1 of E. carotovora subsp. carotovora (Fig. 2) . Similar reaction patterns were observed with other antisera; the number of precipitin bands formed with antigens of wasabi strains was always less than the number formed with antigens of E. carotovora subsp. carotovora and E. carotovora subsp. betavasculorum.
E. carotovora subsp. wasabiae subsp. nov. and E. carotovora subsp. carotovora were indistinguishable in pathogenicity. They caused soft rot on excised leaf petioles of wasabi, on sliced rhizomes, tubers, and roots of wasabi, potato, and carrot and radish, respectively, and on midribs of Chinese cabbage. They were also pathogenic to wasabi, tomato, and tobacco seedlings, although the wasabi bactenium tended to be less virulent on the intact plants than E. carotovora subsp. carotovora. These bacteria also exhibited weak virulence on succulent young stems of chrysanthemum but not on mature stems. Although E. rhapontici had a similar pathogenic pattern, its virulence was much weaker than the virulence of these bacteria on all test plants. E. carotovora subsp. betavasculorum was not pathogenic to intact wasabi, tomato, or tobacco plants, although it induced soft rot of succulent tissues of vegetables in petri dishes. E . chrysanthemi pv. zeae and E . chrysanthemi pv. chrysanthemi were distinct from E. carotovora subsp. wasabiae subsp. nov., E. carotovora subsp. carotovora, E . carotovora subsp. atroseptica, and E. carotovora subsp. betavasculorum in exhibiting pathogenicity to rice, corn, and mature stems of chrysanthemum. The subspecies of E. carotovora were erratic in inducing the typical hypersensitivity reaction on tobacco leaves within 12 h. The response was sometimes negative and other times positive, ostensibly under the same experimental conditions.
